The mechanistic basis for Al toxicity effects on root growth is still a matter of speculation, but it almost certainly involves decreased cell division at the root apex. In this series of experiments, we attempt to determine whether Al enters meristematic cells and binds to nuclei when roots are exposed to a low Al 3ϩ activity in solution. The methodology involved the use of the Al-sensitive stain lumogallion (3-[2,4 dihydroxyphenylazo]-2-hydroxy-5-chlorobenzene sulfonic acid), the DNA stain 4Ј,6-diamino-phenylindole, and confocal laser scanning microscopy. Soybean (Glycine max L. Merr.) cv Young (Al-sensitive) and PI 416937 (Al-tolerant) genotypes were exposed to 1.45 m Al 3ϩ for periods ranging from 30 min to 72 h, and then washed with 10 mm citrate to remove apoplastic Al. Fluorescence images show that within 30 min Al entered cells of the sensitive genotype and accumulated at nuclei in the meristematic region of the root tip. Substantial Al also was present at the cell periphery. The images indicated that the Al-tolerant genotype accumulated lower amounts of Al in meristematic and differentiating cells of the root tip and their cell walls. Collectively, the results support an important role for exclusion in Al tolerance.
Under acidic conditions Al can be toxic to plants even at submicromolar levels (Kinraide et al., 1985) . The most conspicuous Al toxicity response is a reduction in root growth (Taylor, 1988; Foy, 1992) . The mechanistic basis for the growth inhibition remains a matter of speculation. Effects likely are located at the root tip itself (Ryan et al., 1993; Sivaguru and Horst, 1998) , and several types of regulatory factors are likely to be involved (Kochian, 1995) . Convincing arguments have been advanced for toxicity mechanisms operating in the root apoplast (Horst, 1995; Rengel, 1996) and symplasm (Jones and Kochian, 1995; Kochian, 1995; Jones et al., 1998) , at the plasma membrane (Barceló et al., 1996) , as well as involving complex interactions at the cell wall/plasma membrane/cytoskeleton continuum (Sivaguru et al., 1999) .
It has long been thought that an important part of the growth restriction by Al involves disruption of cell division (Clarkson, 1965) . With cell cycles at the root meristem of about 18 to 24 h (Gunning and Steer, 1996) , it is unlikely that decreased cell division could be responsible for the rapid decreases in root extension occurring within the 1st h of Al exposure (Jones and Kochian, 1995; Llugany et al., 1995; Sivaguru et al., 1999) . Nonetheless, a substantial growth inhibition extending over periods of hours or days would have to be associated with decreased cell production (Lazof and Holland, 1999) .
The mechanism(s) responsible for decreased cell division with root exposure to Al is uncertain. Relatively direct disruptions associated with Al binding to DNA or other nuclear material seem possible. It appears that Al can accumulate inside cells at the root tip within 30 min to several hours of exposure (Delhaize et al., 1993a; Lazof et al., 1994a; Vasquez et al., 1999) , and it has been shown in many experiments by Matsumoto (1991) and others that intracellular Al binds to cell nuclei and DNA (for a summary of results, see Matsumoto, 1991) . Nonetheless, the importance of Al binding at the nucleus in the root growth response remains in question, because experiments typically involved exposure to very high Al concentrations (0.1-1.0 mm Al T ). In that concentration range, large amounts of Al penetrate into the root meristem and growth quickly ceases. It is unknown if Al uptake into the root and Al accumulation at nuclei also would occur at Al concentrations in the low micromolar range, which is more realistic agronomically (Gillman and Sumner, 1987) and often used in identification of sensitive and tolerant genotypes. Possible supporting evidence for Al binding to nuclei at lower Al concentrations can be found in an experiment with wheat that used the Al-binding stain morin and Al T concentrations of 18 or 55 m for 48 h (Tice et al., 1992) . Intracellular Al appeared to accumulate in nuclei of differentiated cells 1 to 2 mm behind the root tip, close to the undifferentiated meristematic zone.
In this study, we attempted to determine with greater certainty whether Al accumulates in the symplasm and binds to nuclei in undifferentiated cells at the root meristem when roots are exposed to low Al levels. The experiments involve the use of the fluorescent stain lumogallion (3-[2,4 dihydroxyphenylazo]-2-hydroxy-5-chlorobenzene sulfonic acid), which has been used extensively in analytical chemistry (Hydes and Liss, 1976; Gabriëls et al., 1981; Shuman, 1992; Sutheimer and Cabaniss, 1995) . Recently, lumogallion was used in a study with soybean (Glycine max) roots (Kataoka et al., 1997) ; however, roots were exposed to a high Al concentration (100 m Al T ), and intracellular Al localization was not examined. In our experiments, Al-sensitive and Altolerant soybean seedlings were exposed to a solution Al 3ϩ activity of only 1.45 m. The results indicate that substantial Al accumulates in the nuclei within 30 min and that the accumulation is higher in the Al-sensitive genotype.
RESULTS

Root Elongation Response to Al
Root elongation responses of the two soybean genotypes, cv Young (Al-sensitive) and PI 416937 (Altolerant), across a range of Al 3ϩ activities in solution are shown in Figure 1 . As has been shown previously (Carter and Rufty, 1993; Bianchi-Hall et al., 1998) 
Lumogallion Fluorescence
Pseudocolored images from an initial experiment with cv Young show the in situ localization of Al in a cross-section of a soybean root 150 to 250 m behind the root tip after a 72-h exposure to 1.45 m Al 3ϩ (Fig. 2) . The cross-section was stained with lumogallion. Intense fluorescence was evident across the root section, with the strongest signal being detected toward the root center. Following Al exposure, roots had been washed only with deionized water, so little of the apoplastic Al had been removed and differentiation of apoplastic from symplastic fluorescence was difficult. To improve the definition of cell boundaries, a citrate wash was introduced and used in subsequent experiments. Prior studies have demonstrated that a citrate wash can remove a major portion of the Al adsorbed to cell walls (Zhang and Taylor, 1990; Tice et al., 1992; Archambault et al., 1996; Rengel and Reid, 1997) .
A number of checks on autofluorescence were conducted in preliminary experiments (data not shown). They included roots not exposed to Al and not stained with lumogallion, those exposed to Al and not stained with lumogallion, and others not exposed to Al but stained with lumogallion. All were consistent with the observed fluorescence being a consequence of lumogallion binding to Al. At high laser intensities, a very low level of Al could be detected in tissues of control plants not exposed to solution Al. We assume that Al originated from impurities in preparatory or analytical reagents (Bloom and Erich, 1996) . The low Al background had no impact on the results or interpretations of the study, as high laser intensity was not used.
Radial Penetration of Al in Roots
A time course of Al accumulation at the root tip is shown in Figure 3 . The images are from longitudinal sections of the Al-sensitive cv Young, following a 10-mm citrate wash. The sections extend about 500 m back from the root apex, so images are confined to a root region with largely undifferentiated cells. Differential interference contrast (DIC) images are in the left column and corresponding confocal laser images of lumogallion-stained sections are in the right column. The fluorescence level indicates that substantial amounts of Al accumulated in cells at the root meristem after an Al exposure of 30 min, and the amount of Al increased progressively with Al exposure up to 48 h. The highest levels of Al accumulated in outer cell layers and in the root interior. Previous work by Kataoka et al. (1997) demonstrated that Allumogallion fluorescence is proportional to Al concentration, as might be expected. Similar experiments were conducted with the more Al-tolerant PI 416937. In contrast to the results with cv Young, very little Al could be detected in cells (see below).
Al Distribution inside Meristematic Cells
Since detectable levels of Al were clearly present in meristematic cells of the root tip after a short-term Al exposure, we conducted similar experiments with the sensitive genotype cv Young to determine the intracellular distribution of Al in meristematic cells using a higher magnification. Again, roots were exposed to 1.45 m Al 3ϩ for 30 min, citrate washed, and longitudinal sections were examined. In this case, the images were of cells about 200 m behind the tip. Concurrently obtained DIC, lumogallion, 4Ј,6-diamino-phenylindole (DAPI), and lumogallion/ DAPI overlay images are shown in Figure 4 . The DIC image indicated a focus on thin-walled, individual meristematic cells (Fig. 4A) . The lumogallion stain revealed substantial Al inside cells, with Al concentrated in spherical fluorescence zones in the cell interior that were noticeably brighter than the cell cytosol as a whole (Fig. 4B) . Images of the nuclear stain DAPI appeared to correspond closely with the fluorescent spheres (Fig. 4C) , and overlays of the two fluorescent images indicated identical localization of nuclei and intracellular concentrations of Al (Fig. 4D ).
To further substantiate the Al and nuclei association, experiments were conducted at a somewhat higher Al 3ϩ activity. Seedlings of cv Young were exposed to 2.9 m Al 3ϩ for 72 h, which corresponds with about 75% inhibition of root extension (compare with Fig. 1 ). In this case, cross-sections about 500 m back from the tip were prepared. The images with lumogallion ( Fig. 5B ) and with DAPI ( Fig. 5C ) again indicated high Al concentrations at cell nuclei. The image also shows a clear fluorescence signal at the cell periphery, i.e. cell wall/plasma membrane interface.
Al Accumulation in Cells of Sensitive and Tolerant Genotypes
In additional experiments, the extent of Al accumulation in meristematic and more mature tissues in root tips was evaluated with cv Young and the Altolerant PI 416937 (Fig. 6 ). Cross-sections were taken from roots exposed to 1.45 m Al 3ϩ for 72 h, conditions that correspond to the growth measurements shown in Figure 1 , and then washed with 10 mm citrate. The cross-sections were taken from two regions. One was 150 to 250 m back from the root tip, and the other was from a zone of more differentiated (Fig. 6) . In both developmental regions, higher Al levels were evident in the sensitive genotype cv Young. Substantial fluorescence was evident at the cell periphery and the cell interior.
To examine the intracellular distribution of Al in the two genotypes, longitudinal sections of the root tips were prepared from separate experiments, again using 1.45 m Al 3ϩ . Examination of tissues at high magnification shows that less Al was present in the cell wall and cytoplasm of the PI 416937 root tip cells compared with cv Young (Fig. 7) . Images with DAPI stain show that the lumogallion-Al fluorescence signal is weaker at cell nuclei of PI 416937 than with cv Young.
Al Content in Citrate-Washed Root Tips
Quantitative analysis of Al in 5-mm segments at the root tip is presented in Table I . The chemical analyses confirm the fluorescence images, indicating that the sensitive cv Young accumulated more Al compared with the tolerant PI 416937 at an Al 3ϩ activity of 1.45 m in solution. The citrate wash removed 31% to 32% of the Al present in the tissue in both genotypes, which is in the same range as that observed in experiments with other species (Zhang and Taylor, 1990; Archambault et al., 1996; Samuels et al., 1997) . Therefore, root tips of the Al-sensitive cv Young not only accumulated more Al, but also retained more Al in a fraction that is not desorbed and/or not accessible to citrate.
DISCUSSION
The main purpose of these experiments was to determine whether Al accumulated at cell nuclei after exposure to a relatively low Al 3ϩ activity in solution. Results with the fluorescent stain lumogallion showed that it does. The results are consistent with others in the literature from experiments with higher Al concentrations in solution. Collectively, they indicate that Al is able to penetrate the cell symplasm relatively fast (Lazof et al., 1994a; Vitorello and Haug, 1996) and bind to nuclear molecules (Matsumoto, 1991) , presumably leading to observed decreases in mitotic activity (Clarkson, 1965 ; Matsu- Following exposure to Al, root tips (approximately 5 mm) were excised and washed in ice-cold 10 mM citrate for 30 min. Following the wash, the tips were digested in high-purity HNO 3 and the Al content determined by inductively coupled plasma atomic emission spectrometry. The citrate wash was analyzed by the same method without any additional preparation. Total Al concentration is based on the sum of the Al content in the root tips and corresponding citrate wash fraction. Means are from three independent replicates. moto, 1991). That substantial Al accumulation at nuclei can occur with soybean at an Al 3ϩ activity of only 1.45 m, and to a greater extent in an Alsensitive than in an Al-tolerant genotype, supports the notion that direct Al interference with nuclear activities is one of the primary controlling events in the restriction of root growth.
The novel aspect of our experiments was the use of the lumogallion stain, which provides advantages in sensitivity and specificity. At the present time, lumogallion and morin seem to be the best fluorescent binding agents for Al; both appear effective in the nanomolar range of Al concentrations (Katyal and Prakash, 1977; Shuman, 1992) . In the one instance where lumogallion and morin were used in the same experiment with soybean tissues, lumogallion appeared to have a slight edge in sensitivity (Kataoka et al., 1997) . Also, lumogallion binding to Al has been shown to be very specific. Potential interference with Al-lumogallion fluorescence by more than 20 ions was evaluated in different studies (Hydes and Liss, 1976; Gabriëls et al., 1981) , and the results suggest that interference is unlikely at ionic concentrations normally found in plant tissue. Furthermore, lumogallion has been shown to detect Al in the presence of organic ligands (Shuman, 1992; Sutheimer and Cabaniss, 1995) . Thus, it is reasonable to expect that lumogallion is able to detect low levels of Al bound to cell walls. In our experiment, where a pronounced fluorescence signal was evident at the cell periphery even after a citrate wash, that assumption would appear valid. The possibility exists that morin may not bind to Al in the cell wall as effectively (Tice et al., 1992; Vitorello and Haug, 1996) .
An important part of the methodology of the "visualization" of Al at the nucleus was the use of a confocal laser scanning microscope. The presence of significant amounts of Al in the apoplast raises the possibility of Al movement into the symplasm during tissue dissection (Rengel, 1996) . With confocal microscopy, penetration of the laser beam through three to four cell layers allowed collection of cellular images in the interior of thick sections separated from the cut surface. Thus, artifacts arising from Al redistribution during tissue preparation are unlikely. This is especially true since the inclusion of a concentrated citrate wash in the tissue preparation procedure would have removed easily exchangeable Al from the root apoplast and reduced the amount of Al prone to redistribution. Furthermore, the combination of images from DIC and from DAPI and Al fluorescence at the cell wall and nucleus allowed much better cellular definition and Al localization compared with other methodologies used for Al localization previously, e.g. energy-dispersive X-ray microanalysis (Delhaize et al., 1993a) and secondary ion mass spectrometry (Lazof et al., 1994a) . Confocal laser scanning microscopy coupled with double staining of Al with morin and polynucleotides with propidium iodide was successfully employed to assess the magnitude of Al accumulation and its distribution in yeast cells (Ezaki et al., 1999) .
One cannot know, of course, what substrate Al binds to at the nucleus. But the presence of Al in high amounts at the nuclear membrane could interfere with numerous activities such as microtubule binding at the membrane surface during the G2 phase of the cell cycle (Franklin and Cande, 1999) and protein recognition, binding, and transport into the nucleus (Smith and Raikhel, 1999) . With thick tissue sections such as those used here, it is not possible to determine how much Al accumulated inside the nucleus. If substantial Al is inside, then binding to DNA and to phosphorylated proteins (Haug and Vitorello, 1997; Martin, 1997) and disturbance of their functions would occur. Previous studies indicated that Al can adversely affect DNA composition (Sampson et al., 1965) , chromatin structure, and template activity (Matsumoto, 1991) .
The results with lumogallion allow insight into the mechanism of Al tolerance for the two soybean genotypes examined. Proposed mechanisms for tolerance have been broadly classified as those that prevent Al uptake by roots and those that detoxify Al once it is inside the cell (Taylor, 1991; Kochian, 1995; Rengel, 1997) . Lower Al accumulation in cells at the root tip of the PI 416937 compared with cv Young (Fig. 5 ; Table I ) indicates an important role for exclusion. Previous measurements of total Al contained at the tip (after a citrate wash) had suggested such a result with soybean (Lazof et al., 1994b) . Root tip Al concentrations were found to be lower in Al-tolerant genotypes with other plant species as well (Rincó n and Gonzalez, 1992; Tice et al., 1992; Delhaize et al., 1993a; Ryan et al., 1997; Samuels et al., 1997; Larsen et al., 1998) . A myriad of processes could contribute to Al exclusion from the meristematic cell region, including increased secretion of mucilage (Horst et al., 1982; Crawford and Wilkens, 1997) , polypeptides (Basu et al., 1999) , inorganic phosphate (Pellet et al., 1996) , and organic acids (Delhaize et al., 1993b; Basu et al., 1994; Delhaize and Ryan, 1995; Pellet et al., 1995; Larsen et al., 1998) . The involvement of rhizosphere alkalinization (Degenhardt et al., 1998) , efflux of Al from the symplasm (Ezaki et al., 1999) , and decreased cell-surface negativity (Wagatsuma and Akiba, 1989 ) are also possible. There is evidence indicating that Al tolerance in PI 416937 involves three to five genes (Bianchi-Hall et al., 1998) , which is consistent with concomitant operation of multiple Al-tolerance mechanisms, as evidently occurs in wheat (Pellet et al., 1996) .
Most aspects of the cause and effect relationship between Al accumulation at the nucleus and the inhibition of root growth remain obscure. The time course of Al exposure for cv Young shows increasing Al concentrations at nuclei as the Al exposure period progressed (Fig. 2) . It is unknown, however, exactlywhen meristematic activity began to decline. The growth measurements in Figure 1 are at the end of 72 h of Al exposure. It is logical to think that once a "critical" Al concentration is reached at the nucleus, cell division would slow in proportion to the accumulation of Al and the inhibitory effects associated with it. In other experiments, we found that root extension of cv Young is reduced by about 25% during the first 24 h of exposure to 1.45 m Al 3ϩ , and little elongation occurs afterward (data not shown). This would imply a fairly rapid effect on cell division, considering the time required for cell cycles. The pattern of Al accumulation with the more tolerant PI 416937 indicates that exclusion mechanisms were already in place or began soon after initial exposure to Al, minimizing Al entry into the intercellular and symplastic areas. Still, some accumulation of Al at nuclei was detectable after 72 h (Fig. 6 ). Since growth was decreased only by about 5% at that time, it would appear that low amounts of Al can be tolerated at the nucleus with minimal disruptions in function. It is conceivable that internal detoxification processes, perhaps the formation of non-toxic Al complexes (Ma et al., 1997; Watanabe et al., 1998) at the nuclear membrane surface, were helping to depress inhibitory effects.
MATERIALS AND METHODS
Plant Growth and Al Treatments
Seeds of soybean (Glycine max L. Merr.) cv Young (Alsensitive) and PI 416937 (Al-tolerant) were rolled in germination paper, placed into a dark chamber at 25°C and 98% RH, and kept moist by capillary action from a 0.1 mm CaSO 4 solution. After 72 h, seedlings were selected for uniformity and transferred into 12-L hydroponic chambers containing aerated 0.8 mm CaSO 4 for a 16-to 18-h acclimation period. Light (550 mol m Ϫ2 s Ϫ1 ) was provided during an 8-h photoperiod by a combination of high-pressure sodium and metal halide lamps. Solution pH was maintained at 4.3 Ϯ 0.2 by continuous monitoring and adjustment with 0.05 n H 2 SO 4 .
Following the acclimation period, Al was added to onehalf of the chambers to establish targeted Al 3ϩ activities as predicted with GEOCHEM-PC (Parker et al., 1995) . The Al was added from a fresh 100 mm AlCl 3 stock solution in dilute HCl. Seedlings were exposed to the solutions for times varying from 30 min to 72 h. For the root growth experiments, taproot length was measured before adding Al and 72 h later.
Specimen Preparation
At the end of Al exposure periods, seedlings were removed from the chambers and root tips (approximately 5 mm) were excised, transferred to tissue processing wells (Electron Microscopy Sciences, Fort Washington, PA), and washed with either ice-cold high-purity water or 10 mm citrate for 30 min (modified from Zhang and Taylor [1990] ). The root tips were then embedded in 6% (w/v) type I-A low EEO agarose and sectioned in 100-m slices using a vi-bratome (Technical Products International, St. Louis). Although thinner sections are ideal for fluorescence confocal microscopy imaging (Gilroy, 1997), the thick sections allowed imaging of cells away from the cut surface, reducing the chances of artifacts (see "Discussion"). Following a 15-min wash in acetate buffer (pH 5.2) at 25°C, the root tip sections were stained with the Al-indicator lumogallion in darkness for 60 min at 50°C in an incubator-shaker at 75 rpm. After staining for Al, root sections were rinsed twice for 15 min in acetate buffer and mounted on glass slides containing DAPI. DAPI is a nuclear stain that preferentially binds to dsDNA. Lumogallion and DAPI were purchased from Molecular Probes (Eugene, OR). The lumogallion solution (10 m) was prepared in pH 5.2 acetate buffer from a 10-mm stock, and DAPI (1 g mL Ϫ1 ) was prepared in 90% glycerol. Both solutions were stored in dark containers under refrigeration.
The lumogallion method was modified from Kataoka et al. (1997) . The main differences in our methodology were omission of the fixation step to reduce background fluorescence (data not shown) and elimination of a pH 7.0-MOPS rinse after the fixation.
Microscopy
Root tip sections were examined within 4 to 6 h after preparation. Images were collected with a TCS-SP confocal system with an inverted microscope DMIRBE (Leica Microsystems. Wetzlar, Germany) and either a 20ϫ/0.60 numerical aperture or a 40ϫ/1.25 numerical aperture oil objective, therefore affording a theoretical lateral resolution of at least 800 nm. Lasers used were the Coherent UV with excitation lines of 351 and 361 nm to visualize DAPIstained nuclei and a Uniphase argon laser line at 100% in the Acousto-Optical tuneable filter for the visualization of the Al-lumogallion complex. The argon laser was left in the "parked" setting (lowest possible output), and the photomultiplier used to collect the fluorescence was set between 590 and 620 nm. Emitted fluorescence was collected at wavelengths from 500 to 550 nm. DIC images were collected concurrent with the fluorescence images using a transmitted light detector and argon laser illumination.
Sequential scanning was used to reduce noise. Each image had 512 ϫ 512 pixels, and each plane in the specimen was scanned four times. Stacks of images were collected in the Z plane of the specimen. These stacks are comprised of 32 optical sections that are about 0.4 nm apart. Resultant stacks were projected to form a single image, which was exported to Adobe Photoshop 5.0. To improve clarity and reproduction quality, image colors were proportionally enhanced.
